
l|||||||||||||ll||l||||||||l||||||||l||||||||||||||l||||l|||l||||||||l|||l|||||||||||||||| 
US 20060036170A1 

(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2006/0036170 A1 

Lachaine et al. (43) Pub. Date: Feb. 16, 2006 

(54) CALIBRATING IMAGING DEVICES Related US. Application Data 

(60) Provisional application No. 60/589,432, ?led on Jul. 
(76) Inventors: Martin Lachaine, Montreal (CA); 20> 2004- PFOViSiOnal application N0~ 60/590,823, 

Tony Falco, La Prairie (CA); ?led on Jul- 23’ 2004 
Veronique Audet, Montreal (CA); Xing 
Huang, Montreal (CA) Publication Classi?cation 

(51) Int. Cl. 

Correspondence Address: (52) 021.80.‘??? .............. ...................... .. 600/437 
GOODWIN PROCTER LLP 
PATENT ADMINISTRATOR (57) ABSTRACT 
EXCHANGE PLACE . . . . . 

BOSTON’ MA 02109_2881 (Us) Methods and apparatus for calibrating images and imaging 
devices to common coordinate systems utilize, in some 
embodiments, rods that detectably re?ect an acoustic signal 
re ardless of the incidence an le of the si nal With res ect 

(21) Appl' N05 11/184,745 togthe rods. Typically, the rodsgare disposer? Within a “phan 
tom” at knoWn positions With respect to a room coordinate 
system. Images of the cylindrical rods may be obtained from 
different directions, allowing the imaging device to be 

(22) Filed: Jul. 19, 2005 calibrated to the room coordinate system. 

I00 

"ad,%. 



Patent Application Publication Feb. 16, 2006 Sheet 1 0f 12 US 2006/0036170 A1 

QI) 

@J. 
7 cc 



Patent Application Publication Feb. 16, 2006 Sheet 2 0f 12 US 2006/0036170 A1 

FIG. 2B 

205 

I0 35 

E61 FIG. 2A 



Patent Application Publication Feb. 16, 2006 Sheet 3 0f 12 US 2006/0036170 A1 

300 

2 M 
" \\\\\ - 

'\\\\\ (9 \\\\\- _. 

,6 g 5 v, _ _ > "\\\\\- LL 

LU . 
CD 
0 
(I a: 
O. X 

:3‘ 
i e g 

2 ~ 0 
"' [I 

CC 
LL] 

(:5 K? 
E 
i.— 



Patent Application Publication Feb. 16, 2006 Sheet 4 0f 12 US 2006/0036170 A1 

FIG. 4 

\_— 425 
420 

v-——— 420 

410 430 

f———" 405 



Patent Application Publication Feb. 16, 2006 Sheet 5 0f 12 US 2006/0036170 A1 

mm .QE 

a <m 6E 



Patent Application Publication Feb. 16, 2006 Sheet 6 0f 12 US 2006/0036170 A1 

10 
Q 
In 

8 
I!) 

m 
(D 

.n (D 
a — 

LI. 

In 

% 

2 
In 

If) 

a 

< 
(0 

S2 
LL 

m 

3 

I!) 
Q 
In 

605 



Patent Application Publication Feb. 16, 2006 Sheet 7 0f 12 US 2006/0036170 A1 

m“ .9“. a: E GE 

2: 

.II Illllllllllllllllll ||l_ 
_ _ 

3‘ 3|/ < 

8m .5 /3; 

l5: 

2.: 

_ I S: 

I I I I .. 

I, III/11.: , 

\ =:\ \ 

ms \ \ 

8N , 

cam 15:. 



Patent Application Publication Feb. 16, 2006 Sheet 8 0f 12 US 2006/0036170 A1 

705 

/ 500 

FIG. 8 

In 
N 
00 810 820 



Patent Application Publication Feb. 16, 2006 Sheet 9 0f 12 US 2006/0036170 A1 

Q 

/8‘ 
In 

;\ 

an 
O7 

/ 9 c 
3 LL. 

I!) 

3 

< 
O’) 

9 
LI 

910 



Patent Application Publication Feb. 16, 2006 Sheet 10 0f 12 US 2006/0036170 A1 

mN m2: 
2 

mo? .9“ 

<2. .OE 



Patent Application Publication Feb. 16, 2006 Sheet 11 0f 12 

1105 

1110 

W 

US 2006/0036170 A1 

FIG. 11B 

1120 

FIG. 11A 



Patent Application Publication Feb. 16, 2006 Sheet 12 0f 12 US 2006/0036170 A1 

Imaging Device 200 1205 

1200 

FIG. 12 



US 2006/0036170 A1 

CALIBRATING IMAGING DEVICES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority to Us. provisional 
patent application Ser. No. 60/589,432, ?led Jul. 20, 2004, 
and US. provisional patent application Ser. No. 60/590,823, 
?led Jul. 23, 2004. 

FIELD OF THE INVENTION 

[0002] The invention relates generally to the ?eld of 
medical imaging, and, in particular, to calibrating medical 
imaging devices to reference coordinate systems. 

BACKGROUND INFORMATION 

[0003] Hand-held tWo-dimensional ultrasound devices are 
used to create diagnostic images of anatomical features of a 
patient. Because many of the images are further used to plan 
and administer treatment to organs, lesions, and other ana 
tomical structures, the accuracy of the images is critical. One 
aspect of an image’s accuracy is the degree to Which the 
structures in the image can be placed at identi?able locations 
in space relative to a set of ?Xed markers or a knoWn 
reference coordinate system. 

[0004] One approach is to calibrate the ultrasound device 
using a structure With embedded elements placed at knoWn 
positions in a coordinate system and using images of the 
structure and the knoWn locations of the elements Within it 
to calibrate the imaging device. The device may then be 
registered, for eXample, to another imaging device coordi 
nate system, treatment unit coordinate system, or room 
reference coordinate system. 

[0005] Traditionally, such structures (knoWn as “phan 
toms”) contain a series of Wires in a knoWn arrangement to 
each other (e.g., all parallel, orthogonal, etc.). HoWever, 
Wires can only be detected With ultrasound from very 
speci?c angles, making it dif?cult to acquire suf?cient 
independent images to use for calibration. Using such phan 
toms requires multiple images taken from multiple sides of 
the phantom and at very speci?c angles in order to detect the 
Wires. This increases the complexity and amount of time 
needed to perform the calibration, and introduces potential 
sources of error. 

[0006] What is needed, therefore, are methods, systems, 
and apparatus that facilitate the convenient, rapid and accu 
rate calibration of ultrasound images to a hand-held ultra 
sound device, and registration of the device to a ?Xed 
coordinate system. 

SUMMARY OF THE INVENTION 

[0007] The present invention provides methods, apparatus 
and systems that facilitate a more rapid and simpli?ed 
calibration process for imaging devices. More speci?cally, 
the process for calibrating hand-held ultrasound probes to a 
coordinate system of other imaging and/or treatment devices 
Within a room is greatly simpli?ed through improved cali 
bration tools and the application of mathematical transforms 
to relate otherWise independent reference systems to each 
other. Using the methods and apparatus described beloW, 
technicians can quickly calibrate an imaging device using 
images from virtually any angle With respect to a calibration 
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device, and because feWer images are required compared to 
previous calibration processes, the time needed to perform 
the calibration process is reduced. In some embodiments, the 
invention pertains to a calibration tool utiliZing imageable 
components that have diffuse re?ection characteristics, 
thereby alleviating the speci?c incidence angle constraints 
that eXist With respect to Wire-based calibration devices. 
Some embodiments of the invention pertain to the ability to 
track the device in three-dimensional space, Without regard 
to the location of the device in the room, providing addi 
tional ?exibility With respect to device positioning during 
calibration. 

[0008] In accordance With the present invention, an ultra 
sound phantom containing a series of elongated members 
(such as cylindrical rods) is used to accurately register 
images taken by a hand-held ultrasound probe to knoWn 
reference coordinate systems. The geometry of the elon 
gated members is such that they re?ect ultrasound Waves 
diffusively, rather than specularly. As a result, tWo-dimen 
sional ultrasound images taken using the probe can be 
accurately related to the coordinate system of the imaging 
device, and in turn, to the three-dimensional room coordi 
nate system, thus providing valuable diagnostic and treat 
ment data such as the location and shape of a tumor, organ, 
lesion, or other anatomical structure or structures. 

[0009] In one aspect, the present invention provides meth 
ods for calibrating an imaging device to a reference coor 
dinate system. A plurality of elongated members (e.g., 
cylindrical rods) that detectably re?ect acoustic signals 
regardless of a signal’s angle of incidence With respect to the 
members are placed at knoWn positions With respect to a 
reference coordinate system. A plurality of images (e.g., 
tWo-dimensional ultrasound images) are taken from differ 
ent directions With respect to the members using an imaging 
device, each image including representations of the mem 
bers. The imaging device is then calibrated to the reference 
coordinate system based on the images of the members. 

[0010] The reference coordinate system may be, for 
eXample, a three-dimensional reference coordinate system 
that, in some embodiments, is de?ned by a series of lasers 
disposed about a room and/or the physical orientation of a 
treatment device such as a LINAC or an imaging device 
such as a CT scanner or MRI. The tWo-dimensional ultra 

sound images can be taken from different angles With respect 
to the members, including, for eXample, orthogonal to or 
oblique to the members. In some embodiments the calibra 
tion step includes determining the centers of one or more of 
the members Within the representations, and may also 
include determining the coordinates of the members With 
respect to the reference coordinate system based on the 
determined centers. The calibration of the imaging device 
may further include relating the images to a coordinate 
system of the imaging device, and relating the coordinate 
system of the device to the reference coordinate system. The 
elongated member can be of any shape so long as cross 
sectional images taken at various angles through the member 
are concentric, and this condition Will be ful?lled for most 
straight, rod-like members. Preferred elongated members 
have shapes that do not vary across their lengths (i.e., have 
consistent cross-sections, regardless of Whether the cross 
section is round, elliptical, square, triangular, many-sided, 
etc.). In some embodiments, the imaging device is recali 
brated to the reference coordinate system in response to a 
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second set of images taken at an image depth different from 
that of the received plurality of images. 

[0011] In another aspect, a system for calibrating an imag 
ing device to a reference coordinate system includes a 
register for receiving images (e.g., tWo-dimensional ultra 
sound images) taken from a number of different locations, 
Where the images include representations of elongated mem 
bers (such as cylindrical rods) that have knoWn positions 
With respect to a reference coordinate system and that 
detectably re?ect acoustic signals regardless of the angle of 
incidence of the signal With respect to the members. The 
system also includes a processor for calibrating the imaging 
device to the reference coordinate system based on the 
images. 

[0012] In some embodiments, the processor further deter 
mines the centers of one or more of the members Within the 
representations, and in some cases relates these determined 
centers to the coordinates of the reference coordinate sys 
tem. The reference coordinate system may be a three 
dimensional reference coordinate system de?ned, for 
example, by a series of lasers disposed about the room 
and/or the physical orientation of a treatment device such as 
a LINAC or an imaging device such as a CT scanner or MRI. 

The processor, in some embodiments, recalibrates the imag 
ing device to the reference coordinate system in response to 
a second set of images taken at an image depth different 
from that of the received plurality of images. 

[0013] In a third aspect, an apparatus for calibrating an 
imaging device to a reference coordinate system includes a 
?rst housing With elongated members placed at ?xed posi 
tions inside the ?rst housing and at knoWn positions With 
respect to a reference coordinate system, and a second 
housing on the ?rst housing that includes target areas placed 
about the second housing for placement of an imaging 
device. When placed at the targets, the imaging device 
produces images that include representations of the mem 
bers in the ?rst housing. 

[0014] The elongated members should be of sufficient siZe 
such that they detectably re?ect an acoustic signal regardless 
of incidence angle of the signal With respect to the members. 
The shape of the elongated members may be any shape such 
that cross-sectional images of a particular member are 
concentric regardless of sectional angle. The elongated 
members may be rods, and in some preferred embodiments, 
cylindrical rods. The minimum diameter necessary for 
adequate re?ection characteristics depends on the Wave 
length of the acoustic signal. In general, good results have 
been obtained using standard ultrasound equipment With 
rods having a diameter of approximately 12 mm. 

[0015] In some embodiments, the target areas are aper 
tures. The apertures may be siZed, or located Within a slot or 
shaped recess, such that an imaging device is received in 
close-?tting relation, and in some embodiments, the imaging 
device is repositionable in more that one orientation Within 
the apertures or recesses. The repositioning may be index 
ible. In some cases, the imaging device is rotatable about an 
axis, the axis in some embodiments passing through the 
imaging device, Whereas in other embodiments the axis of 
rotation is external to the device. In some embodiments, 
support arms (e.g., for holding the imaging device) may be 
mated (either permanently or temporarily) to the second 
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housing, by, for example, inserting them into openings in the 
second housing. The ?rst and second housings may, in some 
cases, be integral. 

[0016] In another aspect, the invention provides a method 
for calibrating an imaging device (e.g., an ultrasound probe) 
to a reference coordinate system. The method includes 
locating, at knoWn positions With respect to a reference 
coordinate system, objects that diffusely re?ect an acoustic 
signal from an imaging device, applying an acoustic signal 
to the objects to obtain images based on the diffuse re?ection 
of the signal and calibrating the imaging device to the 
reference coordinate system based on the images. 

[0017] The reference coordinate system can be a three 
dimensional reference coordinate system de?ned, for 
example, by a series of lasers disposed about the room 
and/or the physical orientation of a treatment device such as 
a LINAC or an imaging device such as a CT scanner or MRI. 

[0018] In another aspect, the invention provides an appa 
ratus for obtaining ultrasonic images. The apparatus 
includes a hand-held probe With an elongated handle, and a 
faceplate (Which may be curved or composed of multiple ?at 
plates) disposed circumferentially about the handle and 
partially surrounding the handle. Multiple signal emitters 
(e.g., infrared) or re?ectors are located at various locations 
about the faceplate. 

[0019] In some embodiments, the probe houses an ultra 
sound imaging device. In some embodiments, the infrared 
emitters are in communication With a device for positioning, 
and can therefore take multiple ultrasonic images from 
numerous positions about a patient While remaining Within 
infrared “sight” of the tracking device. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] In the draWings, like reference characters generally 
refer to the same parts throughout the different vieWs. Also, 
the draWings are not necessarily to scale, emphasis instead 
generally being placed upon illustrating the principles of the 
invention. 

[0021] FIG. 1 is a graphical representation of a room 
coordinate system calibration system according to an 
embodiment of the invention. 

[0022] FIG. 2A is top vieW of a hand-held imaging probe 
according to an embodiment of the invention. 

[0023] FIG. 2B is a perspective vieW of the hand-held 
imaging probe of FIG. 2A according to an embodiment of 
the invention. 

[0024] FIG. 3 is a graphical representation of an imaging 
system according to an embodiment of the invention. 

[0025] FIGS. 4A-4D are schematic illustrations of various 
re?ection angles from a hand-held imaging probe according 
to an embodiment of the invention. 

[0026] FIGS. 5A and 5B are a perspective vieW and 
cross-sectional vieW, respectively, of a calibration apparatus 
according to an embodiment of the invention. 

[0027] FIGS. 6A and 6B are graphical representations of 
images of a calibration apparatus according to an embodi 
ment of the invention. 
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[0028] FIGS. 7A and 7B are a top vieW and cross 
sectional vieW, respectively, of a calibration apparatus 
according to an embodiment of the invention. 

[0029] FIG. 8 is a perspective vieW of a calibration 
apparatus and hand-held imaging device according to an 
embodiment of the invention. 

[0030] FIGS. 9A and 9B are graphical representations of 
images of rods Within a calibration apparatus according to an 
embodiment of the invention. 

[0031] FIGS. 10A and 10B are graphical representations 
of the edges of rods Within a calibration apparatus according 
to an embodiment of the invention. 

[0032] FIGS. 11A and 11B are graphical representations 
of ellipses formed by the edges of rods Within a calibration 
apparatus according to an embodiment of the invention. 

[0033] FIG. 12 is a schematic illustration of an imaging 
calibration system according to an embodiment of the inven 
tion. 

DETAILED DESCRIPTION 

[0034] Throughout the folloWing descriptions and 
example, the illustrative descriptions of the invention is 
described in the context of calibrating a hand-held ultra 
sound imaging probe to a three-dimensional reference coor 
dinate system de?ned in a radiation treatment room. HoW 
ever, it is to be understood that the present invention may be 
applied to calibrating the location of virtually any hand-held 
imaging device to any reference coordinate system. 

[0035] Radiation-emitting devices are used for the treat 
ment of cancerous tumors Within patients. The primary goal 
of radiation therapy is the complete eradication of the 
cancerous cells, While the secondary goal is to avoid, to the 
maximum possible extent, damaging healthy tissue and 
organs in the vicinity of the tumor. Typically, a radiation 
therapy device includes a particle linear accelerator 
(“LINAC”) that generates a high-energy radiation beam of 
therapy, such as an electron beam or photon (x-ray) beam. 
The patient is placed on a treatment table located at the 
isocenter of the gantry, and the radiation beam is directed 
toWards the tumor or lesion to be treated. 

[0036] Radiation therapy typically involves a simulation/ 
planning stage and a treatment stage. Generally, the simu 
lation stage involves acquiring images of a lesion using, for 
example computed tomography (CT) or magnetic resonance 
imaging (MRI) and subsequently using these simulation 
image(s) to accurately measure the location, siZe, contour, 
and number of lesions to be treated. The images are used to 
establish certain treatment plan parameters, such as an 
isocenter, beam angles, energy, aperture, dose distribution, 
and other parameters in an attempt to irradiate the lesion 
While minimiZing damage to surrounding healthy tissue. 

[0037] Determining the treatment parameters in the plan 
ning stage generally requires anatomical information such as 
the location of the tumor and surrounding critical organs. 
These, too, are imaged, and a physician outlines the organs 
and volumes of interest, either manually or programmati 
cally using one or more computer algorithms. The treatment 
plan is then designed to deliver the maximum radiation dose 
to the outlined target volume While minimiZing the dose to 
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surrounding healthy organs and normal tissue. The treatment 
plan can be designed manually by the user or by optimiZa 
tion algorithms. 

[0038] Radiation treatments, dictated by a previously 
de?ned treatment plan, are typically delivered over a number 
of treatment sessions, for example one treatment each Week 
day for a total of 35 sessions. To ensure the accurate 
administration of each treatment, the technician attempts to 
position the patient the same Way he Was positioned during 
the acquisition of the images taken during treatment plan 
ning. Due to the sequential nature of these treatments, an 
uncertainty is introduced during the positioning of the 
patient at each successive treatment. Furthermore, internal 
organs may move betWeen and/or during treatment sessions 
such that their shape and location differ from their initial 
state at the time of planning. These factors may compromise 
the accuracy and effectiveness of treatment. 

[0039] In some embodiments of the present invention, the 
accuracy of the treatment plan is enhanced by co-locating a 
hand-held imaging device (an ultrasound scanner, for 
example) and a simulation imager (e. g., a CT or MRI device) 
used to capture images used during the treatment planning 
phase. In other embodiments, the accuracy of the delivered 
treatment may be enhanced by co-locating the hand-held 
imaging device and the LINAC in the same room. Because 
ultrasound imaging devices are generally hand-held and not 
?xed in space, calibrating the images taken from such a 
device to the coordinate system of the room in Which it is 
being used, and ultimately the simulation imager or LINAC, 
has proven dif?cult. 

[0040] The methods and apparatus described beloW over 
come these challenges and provide an easier, more accurate 
calibration of the imaging device, and thus facilitate an 
accurate calibration of the images taken using the device to 
a reference (e.g., planning or treatment room) coordinate 
system. 

[0041] The relationship betWeen a coordinate system of a 
tracker device that is ?xed in space Within a treatment and/or 
imaging room and a coordinate system of that room is 
determined and expressed as a tracker-to-room transforma 
tion. In addition, an apparatus (referred to herein as a 
“phantom”) containing rods that are visible to an ultrasound 
scanner is placed in the room at a knoWn location With 
respect to the room coordinate system such that the location 
of the rods are knoWn With respect to the room coordinate 
system. An imaging device (e.g., a hand-held, tWo-dimen 
sional ultrasound scanner) is placed on, in and/or near the 
phantom and multiple images are taken so they contain 
representations of the rods Within the phantom, and the 
pixels Within the images may be assigned to a knoWn 
position With respect to the imaging device (the “frame-to 
device” transformation). The center-point of the represen 
tations of the rods Within the images is calculated to deter 
mine an accurate point of reference for the image With 
respect to the phantom. During the imaging process, the 
imaging device is tracked by the tracker, thereby providing 
a device-to-tracker transformation for each location of the 
imager in the tracker coordinate system. Pixels in each 
image frame generated by the device are related to the 
imager itself (i.e., to the device coordinate system) using the 
frame-to-device transformation. The device-to-tracker trans 
formation is then used to associate the pixel data With the 
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tracker coordinate system, and subsequently into the room 
coordinate system using the tracker-to-room transformation. 
Thus, speci?c pixel locations Within multiple images taken 
using a hand-held, non-stationary device at various angles 
can be assigned coordinates in the three-dimensional room 
coordinate system, Which may be used to guide the LINAC 
and/or register ultrasound images to simulation CT or MRI 
images. 

Tracker-to-Room Transformation 

[0042] Referring to FIG. 1, an imaging system in accor 
dance With an embodiment of the invention is used to obtain 
images of a subject placed in a treatment or simulation room 
100. In one embodiment, a tracker 105 is af?xed anyWhere 
in the room (e.g., on the ceiling, a Wall, etc.). The tracker 105 
tracks the position of at least one marker, and/or the position 
and rotation of a set of at least three markers, using a tracker 
coordinate system 110. One example of tracker 105 is an 
optical tracking device, Which tracks active infrared emitting 
devices or passive optical re?ectors. The room 100 may 
have a room coordinate system 115 Which may or may not 
be aligned With the tracker coordinate system 110. The room 
coordinate system 115 may, in some cases, be related to the 
mechanical motion and/or placement of a radiation treat 
ment device or simulation imager, and/or the patient support 
assembly (not shoWn). To aid in visualiZing the room 
coordinate system 115, lasers 120 may be af?xed Within the 
room 100 and aligned such that they pass through the axes 
of the room coordinate system 115. To calibrate the tracker 
105 to the room 100, an object, such as a phantom (described 
in more detail beloW), having markers 125 affixed to its 
structure in a knoWn con?guration is used to associate the 
room coordinate system 115 to the tracker coordinate system 
110. The phantom is placed in a knoWn position and 
orientation With respect to the room coordinate system 115, 
Which may be represented by the room lasers 120. One or 
more images of the phantom and the af?xed markers 125 are 
captured by the tracker 105. Knowledge of the position and 
orientation of the group of markers 125, relative to the room 
coordinate system, facilitates the tracker-to-room transfor 
mation. Markers may also be af?xed to the imaging device, 
alloWing the tracker to track the position and orientation of 
the imaging device and thereby enabling a device-to-tracker 
transformation. 

[0043] Still referring to FIG. 1, room calibration may be 
accomplished by using, for example, three markers 125 
af?xed to a phantom tool (not shoWn) located at a knoWn 
position in the room 100 (such as the phantom described 
herein) Which can be tracked by the tracker 105. Thus, a 
coordinate system can be de?ned for this marker tool. A 
snapshot of the tool using the tracker 105 Will facilitate the 
tracker-to-room transformation. For example, if the tracker 
105 output is given by three translations (tX, ty, tz) and four 
unit quaternion values (qo, qX, qy, qz), these can be converted 
to the tracker-to-room matrix by the operation 
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Where 

and 

[X (3) 

Here RTT is the tracker-to-room transformation, and R and 
T are its rotational and translational components respec 
tively. 

[0044] The markers 125 used for room calibration may or 
may not be af?xed to the tool, but attaching them to the tool 
alloWs the same tool to be used for both the room and 
imaging device calibration processes. In one embodiment, 
external etchings on the tool casing alloW the user to align 
the tool With the room lasers 120. In some cases, the markers 
125 may be offset from the external etchings to facilitate 
alignment With lasers 120, in Which case the shifts are 
accounted for in the de?nition of the room coordinate 
system. The offsets also help to keep the markers 125 in the 
?eld of vieW of the tracker 105 so that they are not obscured 
by the phantom. In some embodiments, the marker tool is 
asymmetric to ensure that the tracker and associated systems 
can uniquely detect rotations of the tool. 

Relationship of Imaging Device to Tracker 

[0045] To relate the images taken by a hand-held imaging 
device to a knoWn coordinate system (e.g., the room coor 
dinate system), a relationship betWeen the pixels of the 
images generated by the imaging device and the coordinate 
system of the markers af?xed to the imaging device is 
determined. This step is referred to herein as “probe cali 
bration” and results in an image-to-device transformation 
that may be used to convert pixel coordinates from tWo 
dimensional image space to the three-dimensional device 
coordinate system. 

[0046] FIGS. 2A and 2B illustrate a hand-held imager 
200 that may be tracked using the tracker device describe 
above in accordance With one embodiment of the invention. 
The probe 200 includes one or more imagers 205 for taking 
images from various angles using, for example, ultrasound. 
Although the imaging device portrayed in the ?gures and 
text herein is described as an ultrasound imager, other 
imaging modalities that utiliZe hand-held probes are also 
encompassed by the invention. One example of an imaging 
device includes, for example, the LUMAGEM Hand Held 
Gamma Camera by Gamma Medica, Inc. of Northbridge, 
Calif. The probe 200 also includes a handle 210 and a 
connection device 215 (e.g., a Wire, cable, or other ?exible 
or rigid connecter, or a Wireless transceiver) that facilitates 
communication betWeen the probe 200 and a central pro 
cessing unit, computer or control unit (not shoWn). The 
probe 200 also includes one or more marker tools 220, such 
as infrared emitters, that may be tracked by the tracking 
device so that the position and the orientation of the probe 
200 With respect to the tracking device is knoWn during 
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scanning. This allows the construction of three-dimensional 
datasets using the coordinates of the tracker coordinate 
system from tWo-dimensional ultrasound slices taken using 
the hand-held probe 200. In some embodiments, the probe 
200 includes multiple (e.g., three) emitters to address cases 
When the probe 200 is not directly facing the tracker such as 
When a sagittal slice (i.e., a slice that is perpendicular to the 
transmit/receive faceplate of the tracking device) is being 
acquired. For example, in one embodiment the probe 200 
includes a faceplate 225 and/or one or more sideplates 230 
that surround the handle 210 (either partially or completely), 
each plate having one or more emitters 220 thereon. Emitters 
200 are placed at various locations about the faceplate 225 
and sideplates 230 of the probe 200 facing different direc 
tions, such that at least three emitters can be “seen” by the 
tracking device at any given time over a Wide angle of probe 
directions. Although this con?guration is preferred, different 
con?gurations can be used to achieve the same effect. A 
device coordinate system may then be de?ned relative to the 
markers af?xed to the probe 200. The tracker records, either 
directly or indirectly, the device-to-tracker transformation 
for each position and orientation of the probe 200 for each 
image. This transformation changes as the probe is moved 
(e.g., When a patient is being scanned) and is stored for each 
probe position from Which an image is taken, thus alloWing 
each position of the probe 200 to be associated With a 
particular device-to-tracker transformation. 

[0047] One or more buttons 235 that initiate and/or stop 
the scanning process are placed on the body of the probe 200 
to facilitate scanning of a selected region of interest of the 
body. 

Phantom 

[0048] The device-to-tracker transformation determined 
by af?xing markers to the probe 200 is not immediately 
related to the pixel values of the individual images generated 
by the probe 200. To relate the pixel values in the images to 
the device coordinate system, a frame-to-device transforma 
tion is determined. This is performed by using the device to 
obtain images of a calibration tool (i.e., a phantom) that 
includes embedded elements that appear in images taken 
using the device. 

[0049] With reference to FIG. 3, the probe 200 produces 
a series of images 300, or frames, as it is moved around in 
space. A frame or “slice” is de?ned as an image acquired 
With the imaging device at a given position and orientation. 
It can be acquired, for example, With the push of a button on 
the imaging device or by selection on a computer Which 
controls the imaging device. As the number of slices 
increases, the calibration results improve, With a set of seven 
slices providing particularly good results. Each frame 300 
has a series of pixels 305 Which can be labeled by the indices 
(u,v) shoWn at 310. To use the frames 300 for planning 
purposes in conjunction With a treatment device, pixels 305 
from one or more of the image frames 300 are associated 

With the room coordinate system 115 (xR,yR,ZR) in a series 
of steps, each using a mathematical transformation. The 
pixels 305 can be referenced using a frame coordinate 
system (xF,yF,ZF) indicated at 315, to alloW each pixel 305 
to have associated With it three-dimensional coordinates 315 
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Within the frame coordinate system 315. The three-dimen 
sional coordinates 315 may then be related to the device 

coordinate system (x,y,Z) (Which is arbitrarily de?ned With 
respect to the markers af?xed to the probe 200) using the 
frame-to-device transformation described above. This 
device coordinate system may be related to the tracker 
coordinate system (xt,yt,ZQ using the device-to-tracker trans 
formation, Which may be expressed in the room coordinate 
system (xR,yR,ZR) by applying the tracker-to-room transfor 
mation. The device-to-tracker transformation is determined 
implicitly by the tracker 105 using the markers 125 as 
described above With reference to FIG. 1 and can be 

determined prior to or during the calibration processes. The 
tracker-to-room transformation and frame-to-device trans 
formation are determined during the calibration process 
using the room calibration, method described above and the 
probe calibration method described beloW. 

[0050] In accordance With one embodiment of the inven 
tion, the probe calibration process uses a phantom With 
embedded elements, as described beloW. HoWever, the posi 
tions of the elements Within the phantom must be knoWn 
Within the coordinate system of the phantom, i.e., the 
phantom coordinate system, so as to relate the locations of 
the embedded elements to the room coordinate system. One 
conventional method of determining the locations uses 
physical measurements of the elements With respect to the 
phantom casing. 

[0051] Another method of locating the phantom With 
respect to the room coordinate system uses a phantom 

containing Wires, Which, When imaged using the device, 
appear as small dots on the ultrasound scans. The (u,v) 
positions of Wires are identi?ed under a series of tWo 
dimensional ultrasound scans. Assuming the Wires run along 
the x-direction in room coordinates (yR, ZR), positions of the 
Wires are knoWn relative to the external phantom casing. A 
set of equations can be de?ned relating (u,v) to the knoWn 
positions in the room (yR, ZR)Z 

XR 14 (4) 

y R v 

= RTTTTDDTF 
ZR 0 

Where RTT, TTD, and DTF are the tracker-to-room, device 
to-tracker and frame-to-device transformations, respec 
tively. Probe calibration refers to the determination of DTF, 
Which includes tWo scaling parameters sX and sy, three 
translational and three rotational parameters. These are the 
unknoWns Which must be solved for probe calibration. 

[0052] In a particular coordinate system, each transforma 
tion matrix (except for the scaling part of DTF) can be 
expressed in terms of three rotation variables (0t, [3, y) and 
three translation variables (Ax, Ay, AZ) by 
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T(Ax, Ay, M. w, ,3, 7) = 
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(5) 

cosacos? cosacos?siny — sinacosy cosa'sin?cosy + sinasiny Ax 

sinacos? sinasin?siny + cosacosy sinasin?cosy — cosasiny Ay 

[0053] A set of three independent nonlinear equations is 
obtained by multiplying all the transformation matrices in 
Eq. (4) in sequence. The second and third roWs are used 
because the intersection of the imaging plane With the Wire 
along the x-direction, xR, is not knoWn. TWo equations per 
identi?ed Wire are thus determined. All matrices are knoWn 
except the frame-to-device matrix, Which has eight unknoWn 
parameters. By acquiring a number of ultrasound images of 
the Wires from different orientations, a suf?cient number of 
equations can be de?ned to solve for the unknoWn param 
eters. More equations than unknoWns are determined, Which 
means that the problem is overspeci?ed. It can be solved 
using numerical methods for optimally solving sets of 
nonlinear equations, such as the Levenberg-Marquardt algo 
rithm. The nonlinearities arise from the trigonometric func 
tions in the transformation matrices. 

[0054] The resulting nonlinear equations can be solved 
directly. However a different approach relies on geometric 
identities to solve the problem linearly to a certain point, and 
then treats the nonlinearities separately. The advantage of 
this approach is that it gives greater control over the solution 
(rather than letting an optimiZer ?nd an “optimal” solution). 

[0055] Because Wires are primarily visible under ultra 
sound through specular (mirrored) re?ection, using Wires as 
the embedded elements Within the phantom requires the 
images to be acquired from near-normal incidence. Refer 
ring to FIG. 4(a), specular re?ection refers to the high 
echoes received from the sound Waves 405 emitted by 
ultrasound device 200 upon contact With the Wire 410. As 
shoWn in FIG. 4(b), however, the angle of incidence 420 of 
an ultrasonic beam 425 that is not normal to the Wire 410 is 
greater than Zero, and therefore the echo 430 is not detected 
by the ultrasound device. As a result, the image does not 
contain a representation of the Wire 410. To compensate, 
imaging from multiple sides (“side WindoWs”) of the phan 
tom is necessary to obtain suf?cient independent images and 
to assure the images contain representations of the Wires, 
increasing the complexity of the phantom (e.g., incorpora 
tion of one or more side WindoWs) and the amount of time 
required for calibration. 

[0056] Referring to FIGS. 4(c) and 4(a), in one embodi 
ment of the invention the Wires 410 are replaced With 
elongated members that, because of their shape, siZe, com 
position, and/or surface features detectably re?ect acoustic 
signals (e.g., ultrasound signals having a Wavelength of 
about 0.5 mm) regardless of incidence angle of the signal 
With respect to the members. For example, cylindrical rods 
430 may be placed Within the body of the phantom. Because 
the ultrasound signals are re?ected by the cylindrical rods 
430 in a diffuse manner (rather than the specular re?ections 
characteristic of Wires), the rods 430 embedded Within the 
phantom can be seen by distinguishing the diffuse re?ection 
signals originating from the rod compared to signals origi 
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nating from its surroundings regardless of the angle at Which 
the ultrasound device is targeted at the phantom. Thus, side 
WindoWs can be eliminated from the phantom, and the 
number of images required as Well as the amount of time 
required to calibrate the device is reduced. As illustrated in 
FIGS. 4(c) and 4(a), the re?ection of rod 430 can be detected 
from any vieWing angle. 

[0057] Although described herein as cylindrical rods hav 
ing a diameter of at least 3 mm, any elongated member 
having a shape such that cross-sectional images of the 
members are concentric regardless of the sectional angle, 
and having suf?cient thickness to produce a detectable 
re?ection from any angle cutting through the member, are 
suitable. As such, the elongated member can be elliptical or 
cylindrical, or have any number of sides, so long as the 
above condition is met and the center-point can be identi?ed. 

[0058] Referring to FIGS. 5A and 5B, multiple vieW 
directions may be used to calibrate an imaging device using 
a phantom. FIG. 5A illustrates one possible embodiment of 
a phantom 500 including one or more elongated rods 
described above as it is used to calibrate an imaging device 
200. The imaging device 200 is introduced to the phantom 
500 by placing it in, on, or near the phantom such that the 
rods 505 embedded Within the phantom 500 are visible in the 
resulting image 510. In such images 510, the rods 505 
appear as ellipses 515. Those skilled in the art Will recognize 
that many methods, manual or automatic, may then be used 
to determine the centers of the rods 505 using the ellipses 
515. One possible method is described in greater detail 
beloW. 

[0059] As an illustration, FIG. 6 shoWs tWo ultrasound 
images of the same phantom having both Wires and rods 
embedded Within it. The image of FIG. 6(a) is acquired at 
normal incidence, and thus both rods 505 and Wires 605 can 
be seen. In contrast, FIG. 6(b) illustrates an image acquired 
at oblique incidence, and the rods 505 remain visible While 
the Wires (noted as 605 in FIG. 6(a)) are no longer imaged 
by the ultrasound probe. Thus, using a phantom in accor 
dance With the present invention, there are feWer constraints 
imposed upon the operator With regards to the imaging 
angles (both in degree and number) during the calibration 
process. 

[0060] As described above, the calibration phantom is 
placed at a knoWn location relative to a room coordinate 
system and images of the phantom are used to calibrate the 
required transformations. A number of different image 
“slices” of the calibration phantom are taken, With the probe 
positioned at different vieWing angles or orientations to 
facilitate calibration. FIGS. 7A and 7B illustrate a preferred 
set of vieWing angles that provide accurate and fast calibra 
tion using the phantom 500 in accordance With one embodi 
ment of the invention. To provide a quick reference guide for 
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operators such that they do not have to estimate the correct 
positioning of the device With respect to the embedded 
members, a top-plate 705, or “caddy,” may be af?Xed to the 
top of the phantom 500. The caddy 705 guides the user in 
identifying the desirable vieWing angles by directing the 
probe’s 200 position to an identi?ed target area of the 
phantom 500. In some cases the target areas can be decals or 
other graphical indications on the caddy 705, Whereas in 
other embodiments the caddy 705 includes apertures, slots 
and/or recesses 710 that guide and snugly con?ne the probe 
in a particular location and angle. In such instances, the user 
places the probe 200 in each one or more of the slots 710 and 
acquires the images. Because multiple images of the phan 
tom 500 are used to calibrate the probe 200, and different 
angles may provide better images for calibration, a caddy 
705 af?Xed to the top of the phantom 500 that guides the user 
in choosing a set of predetermined “best” angles improves 
calibration accuracy and speed. 

[0061] In one embodiment, the phantom casing can, for 
eXample, be made of PLEXIGLASS and the interior can be 
made of ZERDINE, a material Which is manufactured to 
have the same ultrasonic properties as tissue, such that the 
speed of sound traveling through the phantom is approXi 
mately 1540 m/s. The rods may be made of virtually any 
material that re?ects ultrasound signals. In a particular 
embodiment the rods are also be made of ZERDINE, 
hoWever, they have different attenuation characteristics to 
provide imaging contrast but the same speed-of-sound 
parameter as the rest of the phantom interior. In one embodi 
ment, the dimensions of the phantom are 20 cm><20 cm><20 
cm, and the phantom includes siX cylindrical rods of 12 mm 
diameter each, as shoWn in FIG. 7B. HoWever, the siZe and 
number of rods is not central to the invention, so long as the 
diameter of the rods is such that the rods remain visible in 
images acquired at oblique incidence to the rods. Using 
typical ultrasound devices, a diameter of 3 mm or more is 
generally sufficient to generate adequate scatters to facilitate 
the diffusive re?ection described above. In some embodi 
ments, the phantom includes an acoustic WindoW on the top 
having a Well-like structure (so that it can be ?lled With 
Water or some other ?uid to improve ultrasonic contact 
betWeen the phantom and the probe, for example), thus 
alloWing the ultrasound beam to image the interior of the 
phantom directly. In some embodiments, the Walls of the 
Well may be angled to avoid unWanted ultrasonic re?ections 
from the sides of the phantom. 

[0062] Still referring to FIG. 7A, one embodiment of a 
phantom 500 includes three slots 710a, 710b and 710c that 
are aimed normal to the surface of the phantom 500, but 
Which are oriented 120 degrees apart from each other, and 
may, in some cases, include notches to help ?X the probe in 
any one of the three slots. When received in one of the slots 
710, the probe Will align to the phantom in any one of the 
three alloWed positions. There may be any number of slots 
710, and the degree of offset betWeen slots is not limited in 
any Way as to alloW for maXimum ?exibility in placing the 
probe 200 in the phantom 500. TWo additional slots 710a' 
and 7106 are displaced from the center of the phantom 500, 
but tilted such that they are pointing toWards the center of 
the phantom. In one particular embodiment, the slots 710a' 
and 7106 are located a distance dis from the vertical cen 
terline 720 of the phantom 500 and at a height ht above the 
horiZontal centerline 730 of the phantom 500. The preferred 
degree of tilt is calculated as tan_1(ht/dis), thus providing a 
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45 degree tilt When h=d. TWo additional slots 710f and 710g 
are located to the side of the phantom and are parallel the 
edge, and directed toWards the center of the phantom 500. 
Such alignment angles provide desirable calibration results 
because they slice through the phantom targets With enough 
independent image vieWs to solve the required calibration 
equations. The number of slots, and therefore available 
positions from Which to obtain images may be increased or 
decreased. Although described herein using tilt angles of 45 
degrees, any angle betWeen about 15 and 75 degrees With 
respect to the horiZontal plane of the caddy 705 may be used 
provided the phantom structures (i.e., the rods) are visible. 
The positions and angles of the slots may be changed, but 
those described above give accurate results, ?t onto a 
conveniently siZed calibration phantom, and keep the num 
ber of images required loW for fast and easy calibration of 
the system. 

[0063] FIG. 8 illustrates another embodiment of the 
invention Where the caddy 705 includes a rotating center 805 
and one or more removable arms 810. The probe 200 can be 
inserted in the rotating center 805, and images can be 
acquired at various angles of rotation (Where the aXis of 
rotation runs through the probe 200 to obtain independent 
scans). The rotating center 805 can have a ?Xed number of 
“set points” to ensure that the user can image using the same 
angles from calibration to calibration. As illustrated, the set 
points are indeXed through the use of magnetic notches 815 
in the rotating center 805, but in other embodiments rotation 
may be indeXed by pins, non-magnetic notches, magnets, or 
other devices that provide alloWed set points throughout the 
rotation of the center 805. In one embodiment, three set 
points are used, With the second set point being offset 45 
degrees clockWise from the ?rst, and the third set point being 
offset 45 degrees counterclockwise from the ?rst. Instead of, 
or in addition to the rotating center 805, one or more 
removable arms 810 may be used to af?X the probe 200 to 
the phantom 500 and rotate the probe 200 about an aXis of 
the arm 810, thus alloWing the arm 810 to aim the probe 200 
at a number of independent angles. The arm can be placed 
in various receptacles 820 disposed about the phantom 500 
and caddy 705, and the probe 200 af?Xed thereto using, for 
eXample, a removable attachment 825 attached to the probe 
200. In some embodiments, a single arm 810 may be used 
in multiple receptacles 820, and multiple arms 810 may be 
tailored to hold the probe at varying angles With respect to 
the phantom 500, the caddy 705 and the rods embedded 
therein. 

Determination of Rod Centers 

[0064] As described above, once the images of the rods 
Within the phantom are obtained, the centers of the rods are 
determined in order to properly associate the image coordi 
nate system With the device coordinate system, and thus ?nd 
the optimal frame-to-device transformation given the rod 
centers and their knoWn positions in three-dimensional 
space. One such method for determining the centers of the 
rods is described beloW With reference to FIGS. 9, 10 and 
11. 

[0065] One or more ultrasound images containing repre 
sentations of the cylindrical rods encased in a phantom are 
obtained. In these images, the rods are represented as black 
circles or ellipses, depending on the angles from Which the 
images Were taken. The X aXis corresponds to the Width of 










